2+ exchange in the depression of ventricular function were studied in the reperfused isolated ischemic rat heart. Zero-flow global ischemia was induced for either IS or 30 minutes and was followed by 30 minutes of aerobic reperfusion. Intracellular Na + (Na + ,) and ^Ca 2 * uptake were measured during ischemia and reperfusion. Accumulation of Na + , was modified by prior grycogen depletion and by treatment with amiloride, a H + -Na + exchange inhibitor, or monensin, a Na + ionophore. Na + , rose continuously during ischemia and rapidly during the first two minutes of reperfusion. The larger inhibitory effect of amiloride and preischemic glycogen depletion was on Na + , accumulation during reperfusion; this finding suggests that the uptake occurs by H + -Na + exchange. Reduction of Na + , accumulation by glycogen depletion was associated with less lactate and, presumably, H + production and accumulation during ischemia. The rapid increase in Na + , during early reperfusion may reflect the readjustment of the low intracellular pH resulting from ischemia. The level of Na + , at the end of ischemia and especially after two minutes of reperfusion were linearly correlated with **Ca 2+ uptake and depression of ventricular function during subsequent reperfusion. This highly significant correlation between Na + , and ^Ca 2 * uptake when Na + | was varied by several independent procedures, including monensin, strongly suggests that reperfiision 45 
Role of Intracellular
The roles of H + -Na + and Na + -Ca 2+ exchange in the depression of ventricular function were studied in the reperfused isolated ischemic rat heart. Zero-flow global ischemia was induced for either IS or 30 minutes and was followed by 30 minutes of aerobic reperfusion. Intracellular Na + (Na + ,) and ^Ca 2 * uptake were measured during ischemia and reperfusion. Accumulation of Na + , was modified by prior grycogen depletion and by treatment with amiloride, a H + -Na + exchange inhibitor, or monensin, a Na + ionophore. Na + , rose continuously during ischemia and rapidly during the first two minutes of reperfusion. The larger inhibitory effect of amiloride and preischemic glycogen depletion was on Na + , accumulation during reperfusion; this finding suggests that the uptake occurs by H + -Na + exchange. Reduction of Na + , accumulation by glycogen depletion was associated with less lactate and, presumably, H + production and accumulation during ischemia. The rapid increase in Na + , during early reperfusion may reflect the readjustment of the low intracellular pH resulting from ischemia. The level of Na + , at the end of ischemia and especially after two minutes of reperfusion were linearly correlated with **Ca 2+ uptake and depression of ventricular function during subsequent reperfusion. This highly significant correlation between Na + , and ^Ca 2 * uptake when Na + | was varied by several independent procedures, including monensin, strongly suggests that reperfiision 45 Ca 2+ uptake occurs at least in part by Na + -Ca 2+ exchange. The rate of ^Ca 2 " 1 " uptake during reperfusion was linearly and highly significantly correlated with elevation of diastolic pressure, reduced developed pressure, and decreased recovery of ventricular function. The data strongly support a mechanism of ischemic cell damage that involves excessive production and accumulation of H + during Ischemia that exchanges for extracellular Na + during ischemia and rapidly during the first few minutes of reperfusion. Increased Na + i then causes excessive "Ca 2 * uptake and depressed recovery of cellular functions with continued reperfusion. Increased levels of Na + | may be a major event that couples a decreased intracellular pH during ischemia to excessivê Ca i+ uptake and depressed recovery of cellular function with reperfusion. (Circulation Research 1989;65:1045-1056) T he mechanism of ischemic damage in cardiac muscle has been studied extensively. Ischemic muscle undergoes metabolic and functional alterations that are reversible if reperfusion using nuclear magnetic resonance revealed a rise in cytosolic free Ca 2+ concentration to 3 nM during early ischemia in isolated rat hearts. However, the amount of Ca 2+ involved in this increase was small in comparison with the large quantity of Ca 2+ taken up during reperfusion of ischemic hearts 2 " 3 or reoxygenation of hypoxic hearts. 8 -9 Since excessive Ca 2+ uptake is commonly observed in reperfused ischemic myocardium, it has been proposed that this extra Ca 2+ may be a major cause of cellular damage. 2 - 10 However, a direct role of Ca 2+ in cellular dysfunction either during ischemia or with reperfusion has not been established. 7 In fact, the mechanism of increased Ca 2+ influx into reperfused ischemic hearts is not known. The failure of Ca " entry when present only during reperfusion suggests that Ca 2+ does not enter through slow Ca 2+ channels. 3 -9 Also, "leaky" membranes do not appear to be a major cause of increased Ca 2+ uptake.
11
Other mechanisms that have been proposed include increased uptake by Na-Ca 2+ exchange in response to increased intracellular Na + (Na + j).
* 13
The increase in Na + j that occurs during ischemia 14 may result from increased H + -Na + exchange coupled with decreased activity of Na + ,K + -ATPase. 12 Thus, the hypothesis proposed by Lazdunski uptake, which was, in turn, highly correlated with depressed ventricular function.
Methods and Materials Male Sprague-Dawley rats weighing 330-380 g were used. Hearts were perfused by the Langendorff procedure. Ventricular pressure was obtained by placing a plastic catheter with a small perforated ball tip into the left ventricle via the mitral valve as described earlier. 15 . 16 The catheter was filled with perfusate and connected to a Statham P23Db pressure transducer (Gould, Oxnard, California). Pressure was recorded on a polygraph recording system (model 79D, Grass Instruments, Quincy, Massachusetts). The perfusate was Krebs-Henseleit bicarbonate buffer containing 11 mM glucose and 5 mM pyruvate. The free Ca 2+ concentration was 1.25 mM. The hearts received a 10-minute initial washout perfusion with buffer gassed with a mixture of 95% O 2 -5% CO 2 at 60 mm Hg aortic perfusion pressure. Preischemic ventricular pressures and heart rate were obtained during this time. Coronary flow rate was about 15 ml/min. The hearts were then switched to a recirculating perfusate that was either oxygenated or gassed with a mixture of 95% N 2 -5% CO 2 (anoxic) for 10 minutes before inducing global ischemia by clamping the aortic perfusion tube and reducing coronary flow to zero. When used in ischemic hearts, amiloride was added 10 minutes before ischemia or only during reperfusion. Monensin, when used, was present for 10 minutes before ischemia. Also, direct effects of the drugs were monitored in aerobic hearts perfused for 30 minutes. The hearts were electrically paced just above the threshold voltage at 360 beats/min for 5 minutes before and into ischemia. After 15 or 30 minutes of ischemia, the hearts were reperfused for 30 minutes at a constant aortic pressure of 60 mm Hg with oxygenated buffer containing 6 /iCi of 45 
Ca
2+ (ICN Radiochemical, Costa Mesa, California). Recovery of ventricular function was assessed by measuring systolic and diastolic ventricular pressures and heart rate. The product of developed pressure (systolic minus diastolic) and intrinsic heart rate was determined for each heart before treatment was begun and after 30 minutes of reperfusion. The percentage recovery of ventricular function was calculated from the products of heart rate and developed pressure obtained before and after ischemia. A sample of the coronary effluent containing 4i Ca
2+
was collected at the end of reperfusion to obtain the specific activity of 43 Ca 2+ for each heart. After 30 minutes of reperfusion, the hearts were switched to an oxygenated perfusate without 4i Ca 2+ for 3 minutes to wash out any extracellular 43 Ca 2+ , as described earlier. 16 The tissue was frozen immediately with Wollenberger clamps precooled in liquid nitrogen. The frozen hearts were pulverized with a mortar and pestle maintained in liquid nitrogen. An aliquot of the frozen powder was extracted 17 in ice-cold perchloric acid (6% wt/vol) for measurements of tissue metabolites and 45 Ca content. The neutralized perchloric acid extract was used to measure tissue contents of adenine nucleotides, creatine phosphate, and lactate as described in Bergmeyer. 17 C-D-sorbitol radioactivity. After the experimental protocol was completed, hearts were perfused for 1 minute with 15 ml ice-cold 0.35 M sucrose plus 5 mM histidine, pH 7.4. This procedure minimized the contribution of extracellular ions to total ion content. 18 Hearts were blotted on paper towels, and atria were removed and discarded. Ventricles were frozen with Wollenberger clamps that were precooled in liquid nitrogen and pulverized with a mortar and pestle. An aliquot of frozen tissue powder was resuspended in deionized H 2 O (1 ml/g wet tissue) and stirred several times with a vortex mixer for 1 hour at 4° C. After 15 minutes of centrifugation (40,0OQg), ion activities and radioactivity of C-D-sorbitol in the supernatant were determined with ion selective electrode system (Lytening 1, AMDEV, Danvers, Massachusetts) and liquid scintillation spectrometer (Beckman). The pH of supernatant was between 5.8 and 6.5. Even after washout of the extracellular space with cold sucrose plus histidine solution, 14 C-D-sorbitol was detected in the supernatant. The volume of perfusate contaminating the extract was calculated by division of the radioactivity for M C in supernatant by the specific activity for 14 C-D-sorbitol in perfusate. Extracellular ions in this volume of perfusate were calculated on the assumption that the ion activities of perfusate remaining in the tissue were the same as those of the perfusate collected at the end of the experimental protocol. Na + i and K + , were taken as total ion contents minus the remaining extracellular ion contents and were expressed as micromoles per gram dry weight.
Materials
Amiloride and monensin were obtained from Sigma Chemical (St. Louis, Missouri). Monensin was dissolved in ethanol. The final concentrations of ethanol in the perfusate were less than 0.02%.
Statistical Analysis
The data are presented as the mean±SEM of six to 13 hearts. To assess the significance of differences between groups with different interventions, analysis of variance was followed by the StudentNewman-Keuls multiple-range test. Unpaired and paired (if applicable) Student's t tests were used to assess the significance of the effect of a single intervention. To assess the relation between two variables, linear regression lines were calculated by the least-squares method. Differences or relations were considered significant when/?<0.05.
Results

Changes in Cellular Ions During Ischemia and Reperfusion
When hearts were exposed to 15 minutes of zero-flow ischemia, Na 
Ca
2+ during 30 minutes of ischemia and 30 minutes of reperfusion revealed that the Na + , that accumulated during ischemia was not rapidly lost with reperfusion as might have been expected if a resumption of ATP production and Na + ,K + -ATPase activity occurred. In fact, rather than a decrease, there was a rapid additional increase in Na + j content during the first 2 minutes of reperfusion. After this initial rise, Na + : content returned toward the preischemic value over a period of 30 minutes. The K + j that was lost during ischemia was only partially restored during early reperfusion, and in these severely damaged hearts, additional K + j was lost with continued reperfusion.
Uptake of 45 Ca 2+ in control oxygenated hearts was low, averaging about 0.5 ^.mol/g dry wt ( Figure  1 ). This small pool equilibrated within less than 1 minute and did not increase appreciably over a 60-minute period of aerobic perfusion (data not shown). ^Ca 2 * uptake increased only slightly during exposure of hearts to 30 minutes of zero-flow ischemia. Uptake during ischemia was probably not limited by lack of Ca 2+ availability to the cells because the extracellular space had large quantities of 45 
2+ trapped within it during zero-flow ischemia. In contrast to low uptake during ischemia, accelerated uptake, attempts were made to modify the amount of Na + j that accumulated during ischemia and reperfusion and to determine the effects of these changes on reperfusion 45 Ca 2+ uptake. In earlier studies, 119 depletion of tissue glycogen before ischemia reduced the accumulation of lactate, attenuated the decrease in intracellular pH during ischemia, and improved recovery of ventricular function with reperfusion. It was postulated that the beneficial effect of glycogen depletion resulted from less production of gh/coh/tic products, such as lactate and H + , during the ischemic period. If protection of the heart resulted from less H + production, less Na + i accumulation could result through H + -Na + exchange. In the present study, partial glycogen depletion before ischemia caused a 50% reduction in lactate accumulation and a small reduction in Na + i during ischemia (Table 2 ). However, the most impressive effect of prior glycogen depletion was the greatly reduced level of Na + ; after 2 minutes of reperfusion. The otherwise accelerated Na + , accumulation during early reperfusion was reversed and resulted in Na + | loss in hearts with lower levels of lactate. These observations could be explained by H + accumulation in the cells during ischemia that resulted in accelerated Na + accumulation during early reperfusion. At any rate, Na + ; content during early reperfusion was associated with much less *Ca 2+ uptake, lower end-diastolic ventricular pressure, greater developed pressure, and greatly improved recovery of ventricular function ( 20 - 21 In control aerobically perfused hearts, amiloride had no significant effect on Na + ( contents. Because of the high extracellular Na + , millimolar concentrations of amiloride were required to produce an effect in ischemic and/or reperfused hearts, which is consistent with previous reports.
12 -22 Treatment of ischemic hearts with millimolar concentrations of amiloride for 10 minutes before inducing ischemia resulted in a small dose-dependent decrease in Na + | accumulation during ischemia (Table 3) . After 30 minutes of ischemia, the highest concentration of amiloride used (1 mM) reduced Na + , by only about 17%. However, pretreatment with amiloride very effectively inhibited the rapid Na + accumulation during early reperfusion (Table 3) . After 2 minutes of reperfusion, Na + j was reduced by 36%, 57%, and 67% with 0.2, 0.5, and 1 mM amiloride, respectively. These observations were quite similar to those obtained in glycogen-depleted hearts. This dose-dependent reduction in Na + , content during early reperfusion of hearts that were treated with amiloride before ischemia probably indicated that amiloride present during ischemia was still bound to the cells or present in the interstitial space at concentrations sufficient to inhibit H + -Na + exchange during the first few minutes of reperfusion. The ability of amiloride to turn Na + ; accumulation into Na + , loss supports the conclusion that Na + ; accumulation both during ischemia and with early reper- Ca 2+ uptake and ventricular function in hearts treated with amiloride is difficult to assess because amiloride itself had a negative chronotropic effect during the preischemic treatment period (Table 4 ) and presumably would have a similar effect during reperfusion. In spite of this negative chronotropic effect, hearts pretreated with amiloride recovered better function based on a higher level of ventricular systolic pressure, a lower end-diastolic ventricular pressure, and only a slightly Values are mean±SEM for six to eight hearts. Hearts were perfused as described in "Materials and Methods." Amiloride was present for 10 minutes before inducing zero-flow ischemia for 30 minutes (pretreated) or was added only during reperfusion (posttreated). Intracellular Na + was measured at the end of ischemia and after 2 minutes of reperfusion. "Ca 2 "^ uptake was measured at the end of 30-minute reperfusion.
•p<0.05 vs. the corresponding values without amiloride pretreatment. depressed recovery of heart rate ( (Table 3 ). The presence of 0.5 mM amiloride during reperfusion improved recovery of systolic and developed ventricular pressure, but not heart rate ( Table  4 ). The reduced heart rate was probably due to a direct negative chronotropic effect of amiloride during reperfusion. Thus, the calculated percentage recovery of function was depressed in spite of lower Na + ; and reduced 45 Ca 2+ uptake. Pretreatment of hearts with amiloride had no significant effects on tissue levels of ATP, creatine phosphate, or lactate either at the end of ischemia or after reperfusion (data not shown). Likewise, tissue levels of K + were not altered by amiloride. These data suggest that the protective effect of amiloride was due to inhibition of H + -Na + exchange that resulted in lower levels of Na + , during early reperfusion and reduced 45 
2+ uptake with continued reperfusion.
In a further effort to determine the relation between Na + ,, 45 Ca 2+ uptake, and ventricular function during reperfusion, ischemic hearts were pretreated with monensin, a Na + ionophore. In this case, the period of ischemia was 15 minutes because exposure of hearts to zero-flow ischemia for this time results in only a small increase in Na + j and the hearts recovered 100% of their preischemic function with reperfusion (Table 5 ). In control perfused hearts, 1 or 2 fiM monensin had little or no effect on either Na uptake to Na + | was somewhat less than that observed after 30 minutes of ischemia without monensin (Table 1) . Monensin had no significant effects on K + j, which averaged 286±6 and 286±3 Mmol/g with 0 and 5 fiM monensin, respectively, after 15 minutes of ischemia.
In addition to suppression of functional recovery in hearts exposed to 15 minutes of ischemia, monensin eliminated the protective effect of amiloride in hearts exposed to ischemia for 30 minutes (Table  6 ). This effect of monensin was associated with increased accumulation of Na + ( during ischemia and the first 2 minutes of reperfusion. As noted above, increased content of Na + ( during early reperfusion was closely associated with greater 5 Ca uptake and depressed recovery of ventricular function. Tissue levels of ATP, creatine phosphate, and lactate were not statistically different in monensintreated hearts during either control perfusion, ischemia, or reperfusion when compared with similarly treated hearts without monensin (data not shown). Values are mean±SEM of six to 13 hearts. Hearts were perfused for 10 minutes under control conditions with 0.5 mM amiloride and monensin at the perfusatc concentrations that are indicated. They were then subjected to 30 minutes of zero-flow ischemia, and cellular levels of Na + were determined. In other identically treated hearts, intracellular Na + levels were measured after 2 minutes of reperfusion (data shown in parentheses), and Thus, depressed recovery of function did not appear to result from an effect of monensin on energy metabolism.
The data obtained with prior glycogen depletion and with addition of amiloride indicated that H + -Na + exchange activity especially during early reperfusion was an important determinant of Na + j accumulation under these conditions. The close correlation between Na + ( and reperfusion 43 Ca 2+ uptake in these experiments and with monensin treatment strongly suggested a role for Na + -Ca 2+ exchange in reperfusion Ca 2+ overload (Figure 2A ). Also, increased Na + j early in reperfusion predicted that recovery of function would be poor during 30 minutes of reperfusion ( Figure 2B ). and since pH, decreases during ischemia, 24 Lazdunski et al 12 proposed that stimulation of the H + -Na + exchange may account for the increased Na + ,. In support of this hypothesis, an amiloride-sensitive gain in Na + was demonstrated in cultured chick myocytes during anoxic glucose-free incubation. 13 In the present study, increased Na + , during global ischemia of the isolated rat heart was inhibited by millimolar concentrations of amiloride. Thus, the data presented support the hypothesis that H + -Na + exchange contributes to the Na + gain during myocardial ischemia. As reported in Table 1 , Na + ( and K + ; in hearts perfused with aerobic buffer were 15±2 and 287±3 junol/g dry wt. The value of Na + , may be converted to a concentration of approximately 7 mM assuming that intracellular water content is 0.41 ml/g wet tissue, the dry/wet ratio is 0.19, and Na + is distributed evenly throughout the cell. This value is 20% lower than that reported in quiescent Purkinje fibers. 25 Also, the ratio of K + j to Na + , is relatively higher, perhaps because we used ion concentrations in the perfusate to correct for the volume of extracellular space remaining in the tissue extract after a wash through perfusion with sucrose plus histidine solution. Based on this assumption, we may have overcorrected Na + i and undercorrected K + j because the level of the Na + in the extracellular water was less than the perfusate and that of K + was higher.
Discussion
A decrease in Na + ,K + -ATPase activity during ischemia may also contribute to the gain in Na + j, but additional gain in Na + j occurred during the first 2 minutes of reperfusion when increased activity of Na + ,K + -ATPase would be favored because of a rapid increase in ATP and creatine phosphate toward normal. 1 This rise in Na + j confirmed previous reports of an increase in tissue Na + in reperfused canine hearts 23 and reoxygenated chick myocytes in culture. 13 A mechanism for such an effect was hypothesized by Lazdunski et al, 12 who proposed that reperfusion of ischemic hearts might result in a stimulation of H + N a + exchange because at the time of reperfusion cells have a low pH|, 24 which would accelerate H + -Na + exchange, and reperfusion would restore the low pHo and create a large H + gradient to drive Na + influx. During ischemia, pH<, may decrease before pH), but in severe ischemia, both pHi and pH,, decline and become equal. 26 Thus, the low pHo could limit Na + accumulation during ischemia, but reperfusion would result in a rapid stim-ulation of H + -Na* exchange. This proposed mechanism is supported by the observations in the present study that amiloride treatment of the hearts, either before ischemia or with reperfusion, reduced the rapid reperfusion Na + uptake. Amiloride in millimolar concentrations has been reported to inhibit Na + ,K + -ATPase and Na + -Ca 2+ exchange in myocardial tissue. 27 Inhibition of Na + ,K + -ATPase, however, should cause an increase in Na + ; due to reduced efflux of Na + . In support of this prediction, we observed an accelerated rise in Na + ; during early reperfusion followed by a delayed recovery of Na + , toward the preischemic value when a nontoxic dose of ouabain was administered during reperfusion (unpublished data). In addition, inhibition of Na + -Ca 2+ exchange, especially early in reperfusion after ischemia when Na + , was increased, should restrain recovery of Na + ; toward normal. Actually, we found that provision of a low Ca 2+ perfusate during the early reperfusion period delayed the fall in elevated Na + , (unpublished data). On the contrary, our results in hearts pretreated with amiloride were in the opposite direction. A lower content of Na + ; could also be decreased by inhibiting Na + entry through Na + channels. Amiloride did not affect the upstroke velocity of the action potential in canine Purkinje fibers, 28 but it was reported to block Na 4 " channels in apical membranes of epithelia in the colon and kidney. 29 Recently, pretreatment with Na + channel blocker lidocaine was reported to suppress the increase in Na + i by 50% during ischemia. 30 Therefore, if amiloride could block Na + channels in myocytes in a similar manner, pretreatment with the drug should suppress the increase of Na + , during ischemia. Instead, the data reported in Table 3 demonstrated that the effect of amiloride was seen primarily during early reperfusion with little change in Na + , at the end of ischemia. Amiloride was also reported to block T-type Ca 2+ channels. 31 The blocking effect of the drug disappeared rapidly in isolated chick dorsal root ganglion and mouse neuroblastoma cells when the drug was washed out. Even in whole tissue preparations, the blocking effect does not appear to persist when the drug was omitted during reperfusion because the rate of Ca 2+ uptake was accelerated maximally between 5 and 20 minutes of reperfusion in hearts without any drug (Figure 1) . Moreover, the ion-carrying capacity of T-type Ca channels is fairly low compared with the rate of Ca 2+ uptake during reperfusion. 32 The failure of Ca 2+ antagonist verapamil, which inhibited flux through both L-and T-typc Ca 2+ channels, to prevent Ca 2+ overload when present only during reperfusion 3 ' 9 suggested that Ca 2+ does not enter through these Q r + channels. Consequently, the effect of amiloride can be attributed to inhibition of H + -Na + exchange during the early phases of reperfusion and represent a readjustment of the low pHj that developed during ischemia by influx of Na + in exchange for H + . In the perfused heart, the readjustment appeared to occur during the first several minutes of reperfusion (Reference 32 and present study). Interestingly, readjustment of pH| in acidloaded cells in culture by addition of extracellular Na + had a t 1/2 of 2.9 minutes. 21 Thus, the time required for the rise in Na + j during reperfusion, the effects of pH; and pHo on this process, and the inhibition of Na + ; accumulation by amiloride and in glycogen-depleted hearts favor the conclusion that accelerated Na + ; accumulation with reperfusion occurred by H + -Na + exchange. Mechanisms other than H + -Na + exchange may lead to Na + , accumulation in oxygen-deficient cells. Murphy et al 13 reported a Na + uptake in reoxygenated anoxic myocytes in culture similar to that observed in our studies under conditions where (although not reported) pH<, was probably constant during anoxia and reoxygenation. This cell culture model cannot be compared directly with intact tissue made ischemic, however, because the anoxic cells were cultured in a large extracellular volume and anoxia did not produce the same fall in pH, as did ischemia. 26 Also, the anoxic cells were deprived of glucose, a situation that may have led to marked reduction in energy levels and the activity of Na + ,K + -ATPase. The gain in Na + , in the cultured cells with reoxygenation occurred over a much longer time than in the reperfused ischemic heart and may have involved a delay in restoration of Na + ,K + -ATPase activity. Nonetheless, Na + loading does occur in perfused anoxic hearts with reoxygenation 10 as it does with ischemia and reperfusion in which the high level of Na + i during early reperfusion may be responsible for reperfusion Ca 2+ overload. 10 increased with as little as 15 minutes of ischemia ( Table 5 ). Factors that control Ca 2+ uptake have not been established, but Na + -Ca 2+ exchange was very sensitive to pH and is severely inhibited at pH 6.
33>34
Intracellular pH was suggested to fall to this range in ischemic hearts. 24 -33 With reperfusion, Na + -Ca exchange may not be fully activated for a few minutes because the t^ for readjustment of pHj has been reported to be 2.9 minutes in cultured chick heart cells.
2l In tissue preparations, recovery of pH, may be more delayed. 33 Although massive accumulation of tissue Ca 2+ did not occur, the cytosolic 
Ca
2+ during the first 5 minutes of reperfusion was less than half the rate during the following 15 minutes (Figure 1) . 45 
2+ uptake in the reperfused ischemic rat heart is highly correlated with increased Na + i under a variety of conditions. This correlation was found when Na and other types of cellular injury. However, Na + -Ca 2+ exchange may not be the exclusive means of increased Ca^+ uptake because an increase in Na + , accumulation was not associated with increased Ca 2+ uptake in hypoxic glucose-deprived rat hearts. 37 
Gtycofytic Products and Ca 2+ Overload and Ischemic Damage
Depletion of heart glycogen before ischemia resulted in less lactate accumulation and less decrease in pHj during ischemia and improved recovery of ventricular function with reperfusion.
1 .
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Although reduced production and accumulation of lactate and H + during ischemia was the proposed mechanism, the protective effect of reduced tissue glycogen is not understood.
The present study provided data to support a potential mechanism. Depletion of glycogen by a short period of anoxic perfusion with high coronary flow reduced lactate production (and presumably H + production) by about 50% and decreased the fall of pHi 19 during a subsequent period of ischemia. This effect was associated with a lower level of Na + i at the end of ischemia, with a greatly reduced rate of Na + i accumulation during the first 2 minutes of reperfusion, and with a substantially lower rate of reperfusion 45 
Ca
2+ uptake. Thus, the protective effect of glycogen depletion may involve a lower rate of H + production during ischemia and less H + -Na + exchange. At the end of ischemia, lactate and Na + , contents were less, and Na + | was lost rather than accumulated during the first 2 minutes of reperfu- Depressed ventricular function of repcrfused ischemic hearts may result from a multitude of cellular changes that occur either during ischemia or reperfusion, but no clear sequence of events has emerged to account for this dysfunction. In the present study, cellular damage was assessed by the ability of the heart to recover normal contents of high energy phosphates and preischemic mechanical function during a limited period of reperfusion. Mechanical function may be more sensitive to excessive Ca 2+ uptake because Ca 2+ directly affects muscle contraction and relaxation. Although heart rate and peak left ventricular pressure were depressed, recovery of ventricular function correlated well with 2+ uptake and depressed ventricular function was found after several independent experimental protocols and ventricular function was assessed under a constant protocol of reperfusion, the present study strongly supports a link between H + production during ischemia and depressed ventricular function during reperfusion that involved accumulation of high levels of Na + ; and excessive Ca 2+ uptake as the coupling events. Heterogeneous damage to the myocardium has been reported in hearts even with global ischemia or hypoxia. 38 However, it is currently impossible to measure metabolic and mechanical function in small sections of the ventricle during reperfusion. Because of these technical limitations, contents of metabolites and Na + j and uptake of Ca 2+ were assumed to be distributed homogeneously. Simultaneous measurement of cytosolic concentrations of these substances and pH; in a specific region of myocardium will be helpful in defining the relations between intracellular H + concentration, Na + , concentration, and intracellular Ca 2+ concentration. Recent advances in nuclear magnetic resonance spectroscopy provide the possibility of measuring these intracellular ion concentrations simultaneously. 
